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Summary
The vacuolar ATPase integral membrane c-ring from
Nephrops norvegicus occurs in paired complexes in
a double membrane. Using cryo-electron microscopy
and single particle image processing of 2D crystals,
we have obtained a projection structure of the c-ring of
N. norvegicus. The c-ring was found to be very flexible,
most likely as a result of an expanded conformation
of the c subunits. This structure may support a role
for the vacuolar ATPase c-rings in membrane fusion.
Introduction
The ion-translocating ATPases are multisubunit mem-
brane complexes that use an electrochemical mem-
brane potential to produce ATP or alternatively use
ATP to pump ions (Muller and Gruber, 2003; Nishi and
Forgac, 2002). They can be split into three distinct clas-
ses: the Factor (F)-, Vacuolar (V)-, and Archaeal (A)-type
ATPases. The V and A ATPases are closely related, and
some of their core subunits show sequence similarity
when compared to the equivalent F ATPase subunits.
Two distinct domains can be distinguished in the archi-
tecture of all three enzymes (Figure 1A): the integral
membrane domain (Fo, Vo, and Ao), which houses the
ion-translocating activity, and the soluble (F1, V1, and
A1) domain, which contains the nucleotide binding sites.
In all three enzymes, the two domains are linked by mul-
tiple stalks, although the exact number of stalks in the
different enzymes remains unclear. The three classes
of bidomain ATPases share a common basic mecha-
nism, operating as rotary molecular motors. In the
case of ATP-driven ion pumping, ATP hydrolysis applies
*Correspondence: h.saibil@mail.cryst.bbk.ac.uktorque to a rotor complex comprising a central stalk sub-
unit linked to a ring of integral membrane subunits,
formed of subunit c (Yokoyama et al., 2003; Sambongi
et al., 1999; Diez et al., 2004). The transient interface be-
tween the rotating c-ring and the single-copy membrane
subunit a is postulated to be the site of ion translocation
(Fillingame, 1999; Elston et al., 1998). To allow counterro-
tation of these subunits, subunit a is linked to the ATP
hydrolyzing domain via a fixed stator structure. The cen-
tral rotor shaft and stator constitute two of the stalk
structures visible by electron microscopy (Ubbink-Kok
et al., 2000; Rubinstein et al., 2003; Venzke et al., 2005).
V ATPases use ATP to actively transport protons and
sodium ions across biological membranes. Their main
functions in eukaryotes are to acidify intracellular com-
partments and to generate ion gradients that drive sec-
ondary active transport reactions. They are found in ev-
ery organism except archaea and are located on plasma
membranes and in organelles such as vacuoles, endo-
somes, and lysosomes (Stevens and Forgac, 1997; Nishi
and Forgac, 2002). The eukaryotic V ATPase is com-
posed of 13 or 14 different subunits with a total molecu-
lar mass ofw750 kDa (Arai et al., 1987, 1988). Some of
the key subunits in the V ATPases are related by se-
quence to equivalent subunits in the F ATPase, such
as the nucleotide binding A and B subunits, and c sub-
units (Bowman et al., 1988a, 1988b; Finbow et al.,
1992), underlining the common catalytic mechanism.
The subunits that form the central and peripheral stalks
between the subcomplexes in the V and F ATPases have
little or no similarity at the sequence level, but they may
share common features of secondary structure (Gruber
et al., 2002; Jones et al., 2001; Fethiere et al., 2004).
The 260 kDa Vo domain of Saccharomyces cerevisiae
consists of four integral membrane proteins, the c, c0, c00,
and a subunits, and a soluble d subunit in an estimated
stoichiometry of c/c05–6: c001: a1: d1 (Powell et al., 2000).
However, some Vo domains such as that of Enterococ-
cus hirae only contain subunit c, and not c0 or c00. All of
these c subunits are extremely hydrophobic integral
membrane proteins that contain a glutamate residue
that is essential for proton translocation and is accessi-
ble from the lipid phase (Hirata et al., 1997; Harrison
et al., 2000; Pali et al., 1995). Sequence similarity sug-
gests that the c and c0 subunits have evolved by gene
duplication and fusion of two Fo c subunits into a tandem
repeat (Nelson and Taiz, 1989; Hirata et al., 1997). The
stoichiometry of subunit c is variable, with values for
the NtpK form of subunit c from the bacterium E. hirae
observed as seven by electron microscopy (Murata
et al., 2003), but ten for the same polypeptide by X-ray
crystallography (Murata et al., 2005).
Early work on a gap junction-like structure from the ar-
thropod Homarus americanus hepatopancreas showed
a ring with a diameter of 80 A˚ and an internal pore diam-
eter of 40 A˚ with some central density (Sikerwar et al.,
1991). Subsequently, sequence analysis showed that
these rings were composed of V ATPase c subunits (Hol-
zenburg et al., 1993). The c subunit ring also occurs in
isolation in paired membranes from the hepatopancreas
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1150of the lobster Nephrops norvegicus (Figure 1B) (Holzen-
burg et al., 1993). The N. norvegicus complex was also
thought to be a gap junction until sequence analysis
revealed that it had 70% identity to the S. cerevisiae Vo
c subunit (Holzenburg et al., 1993). The N. norvegicus
c-ring does not contain the c0 and c00 subunits, but it
can complement yeast strains lacking the wild-type
S. cerevisiae c subunit (Holzenburg et al., 1993; Harrison
et al., 2000). On the basis of EM and AFM images of the
isolated membranes (Holzenburg et al., 1993; John et al.,
1997), this c-ring is thought to be hexameric and has
been modeled as a four-helix bundle based on the struc-
ture of gap junctions (Finbow et al., 1992; Unger et al.,
1999). The function of paired c-rings is not yet clear.
On the basis of 2D gel electrophoresis, it has been
suggested that the fusion pore, a protein channel span-
ning both membranes, is formed by the c-ring from the
Vo subcomplex of V ATPases (Peters et al., 2001). Vo
subcomplexes have been copurified with SNAREs (Galli
et al., 1996; Peters et al., 2001), and Vo subunit a, which
forms the proton channel with the c-ring, has been
shown to be crucial for fusion in S. cerevisiae vacuoles
and Drosophila neurons (Bayer et al., 2003; Hiesinger
et al., 2005). Interaction between two Vo subcomplexes
on opposing membranes requires the dissociation of
the soluble V1 subcomplex. In S. cerevisiae, dissociation
is reversible and is triggered by low glucose levels
Figure 1. Schematic Diagrams of the V ATPase and the Stacked Vo
c-Rings
(A) Schematic diagram showing the subunit arrangement of V
ATPase. The V1 domain is shown in white, and the Vo domain is
shown in gray.
(B) Schematic diagram of the stacked c-rings found in the N. norve-
gicus 2D crystals.(reviewed by Kane [2000]). Glycolytic enzymes have
been shown to be present during membrane fusion and
may be involved in disassembly of the V ATPases
(Peters et al., 2001). However, other studies have not
yet substantiated the full role of the Vo c-ring in mem-
brane fusion.
In this paper, we present the projection structure of
the Vo c-ring from N. norvegicus at 8.5 A˚ resolution, de-
termined by applying single-particle image processing
methods to partially ordered 2D crystals. Using this
map, we have modeled the arrangement of helices of
the Vo c-ring based on the crystal structure of the related
Fo c subunit from S. cerevisiae.
Results
Crystallographic Processing
The average lattice parameters for the Vo c-ring crystals
were a = 86 6 0.8 A˚, b = 85.1 6 0.8 A˚, and g = 119.8º 6
0.4º. Diffraction spots were only observed to a resolution
of 22 A˚ because of crystal disorder (Figures 2A and 2B),
and this resolution was not improved by lattice unbend-
ing (Henderson et al., 1986). Low-resolution P1 projec-
tion maps determined from the crystals show hexago-
nally shaped Vo c-rings with a central pore that are
organized in a hexagonal lattice (Figure 2C). Although
the individual projection maps did not show resolved
density peaks, the average of the six best projection
maps suggests six density peaks (Figure 2D), consistent
with previous studies (Holzenburg et al., 1993; John
et al., 1997). The poorly resolved peaks in the individual
projection maps were probably the result of the poor
crystal order.
In an attempt to improve the order of the crystals, the
Vo c-rings were solubilized and reconstituted into lipid
bilayers. In other trials, detergents were used to extract
excess lipid from the crystals, but both of these ap-
proaches were unsuccessful. In another experiment,
the pH of the sample buffer was changed from pH 7.5
to 3.5 to switch all of the c subunits into the protonated
state. Low pH had been shown to affect the conforma-
tion of the related Fo c subunit from E. coli, resulting in
a 140º rotation of the C-terminal helix of the Fo c subunit
between pH 8 and pH 5, because of the protonation of
Asp61 (Rastogi and Girvin, 1999). However, the crystals
suspended at pH 3.5 showed no improvement in diffrac-
tion, even after lattice unbending.
Therefore, an alternative strategy was required to
extract higher-resolution information from the Vo c-ringFigure 2. 2D Crystal Analysis of Vo c-Rings
(A and B) Image of a crystal of (A) Vo c-rings
and (B) its corresponding diffraction pattern.
The average lattice parameters for the crystal
are a = 86 6 0.8 A˚, b = 85.1 6 0.8 A˚, and g =
119.8º6 0.4º. The directions of the reciprocal
space lattice vectors are shown in white.
(C) A projection map of the Vo c-ring calcu-
lated from a single crystal.
(D) The six best projection maps were then
aligned and averaged by using a single parti-
cle approach to improve the signal of consis-
tent features; this approach suggests the
presence of six subunits.
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1151Figure 3. Classification of Extracted Patches
of Vo c-Rings
(A) Cryo-EM image of a Vo c-ring crystal; the
individual rings are circled.
(B) The reference used to extract crystalline
patches from the entire Vo c-ring crystal.
(C) Extracted crystalline patches; the central
rings are circled.
(D) The first six eigenimages calculated for
image data set vo1249a.
(E) Six class averages generated for the
image set vo1249a.crystals. Since individual rings could be discerned on
the crystal images (Figure 3A), we decided to process
them as single particles.
Single-Particle Analysis of Vo c-Rings
The reference image generated by averaging patches
of seven Vo c-rings from one crystal (Figure 3B) was
crosscorrelated with the 2D crystals (Figure 3A), and
the coordinates of the crosscorrelation peaks were
used to extract images that contained seven Vo c-rings
(Figure 3C). A reference containing a single Vo c-ring
was not sufficient to reliably extract ring images. The
minimum distance between extracted peaks was set
to 70 A˚, slightly less than the center-to-center distance
of the Vo c-rings in the lattice, to ensure that the central
c-ring of each selected image was unique. The number
of images extracted from each crystal (w1000–2000) is
shown in Table S1 (see the Supplemental Data available
with this article online). The extracted images were then
classified by multivariate statistical analysis (MSA).
Eigenimages generated by MSA were used to investi-
gate the positions of the six neighboring rings around
the central ring as well as the position of the central
ring. The eigenimages for each set of images from a sin-
gle crystal showed very similar patterns of variation, the
most prominent variation being related to shifts in the
position of the six surrounding c-rings (Figure 3D, eige-
nimages 2–4). The second major difference between the
images was that the central c-ring was not accurately
centered (Figure 3D, eigenimages 5 and 6). These differ-
ences can also be seen in the class averages (Figure 3E).
Another feature that can be seen in the class averages is
the different shapes of the rings, suggesting that the ring
is flexible.
Because of the variation in position and shape of the
central ring, it was necessary to align individual rings.To do this, eight ring reference images were generated
by extracting representative views of the Vo c-ring
from the filtered image of crystal vo1114 (Figure 4A). A
soft-edged mask was applied to the images so that
only the central c-ring was visible. These images were
then aligned rotationally and translationally to the refer-
ences. The aligned rings were then classified and aver-
aged, and this procedure was iterated to optimize the
alignment of the Vo c-rings. During this procedure,
some of the class averages with the most regular ring
structure were symmetrized and then used as refer-
ences in a subsequent round of alignment (Figure 4B).
This enabled rings with a regular structure to be aligned,
classified, and averaged (Figure 4C). A control alignment
with unsymmetrized references gave similar results to
the alignment with symmetrized references (data not
shown). During the alignment and classification proce-
dure, density features inside and outside of the central
ring were masked so that they would not affect the align-
ment and classification of the rings.
The final class averages show that most of the rings
were irregular in structure, reflecting the flexible nature
of the ring, and that the number of subunits in these rings
was unclear (Figure 4C). However, there were two clas-
ses that had a regular shape and six clearly resolved
subunits (Figure 4C, highlighted class averages 1 and
2), which is consistent with the 2D crystal analysis and
previous data for the N. norvegicus Vo c-ring (Finbow
et al., 1992; Holzenburg et al., 1993; John et al., 1997).
The aligned images averaged in the two classes were
extracted into separate files, each of which contained
w600 images, and subclassified into groups of 60 im-
ages that were then averaged (Figure 5). These subclass
averages have the same general features as the two
class averages, but they also show some flexibility in
the shape of the ring. Rings were also clearly visible in
Structure
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ure S1). Class average 1, shown in Figure 5B, was cho-
sen for further analysis because it had a regular struc-
ture that was comprised of six subunits that contained
distinct features and a resolution of 8.5 A˚ (Figure S2).
Structure Analysis and Docking of Fo Subunits Show
a Loosely Packed Vo c-Ring
The six subunits in class average 1 have strong, contin-
uous density lining the pore and weaker, noncontinuous
Figure 4. Class Averages of Individual Vo c-Rings
(A) References used for the alignment of the extracted Vo c-rings.
The reference images were extracted from a filtered image of
vo1114 generated by the MRC programs.
(B) References before (1 and 3) and after (2 and 4) 6-fold averaging.
(C) A selection of the final class averages; the two different types of
class averages used for further analysis are highlighted by red
boxes.density on the outer face (Figures 5A and 5B). Band-
pass filtering between 15 A˚ and 8 A˚ was used to sharpen
class average 1, with the low-resolution amplitudes re-
duced to 1% of their original value, because average im-
ages are dominated by low-resolution features. Image
sharpening further highlights the gap between the inner
and outer density layers of the ring in class average 1
(Figure 6A). This gap is also seen in class average 2 (Fig-
ures 5C and 5D). The sharpened ring of class average
1 has a central pore diameter of 40 A˚ and a ring diameter
of 70 A˚. The center-to-center distance between the
strong, inner continuous and weaker, noncontinuous
outer densities is 9 A˚ (Figure 6A). The outer noncontinu-
ous density in sharpened class average 1 may contain
two separate peaks for each of the individual subunits.
The sharpened ring appeared to have 6-fold symme-
try, and, therefore, 6-fold symmetry was applied (Fig-
ure 6B). The features are very similar, but the noncontin-
uous outer density in the sharpened symmetrized ring
is separated into two clear peaks for each subunit (Fig-
ure 6B), suggesting that the helices in the outer face
of the two stacked rings are both perpendicular to the
membrane and overlap in projection. The center-to-
center distance between adjacent subunits around the
ring is 26 A˚.
Because of the evolutionary relationship between the
c subunits of F and V ATPases, two Fo c subunits are
equivalent to each Vo c subunit. Therefore, 12 Fo c sub-
units are required to fill the Vo c-ring. Helices 1 and 2 of
the Vo c subunit have 20% sequence identity to the
E. coli Fo c subunit, while helices 3 and 4 have 26% se-
quence identity. The overall sequence identity is low but,
the acidic residue essential for proton translocation and
the V1 binding motif in the loops of the Vo c subunit are
conserved.
Two Fo c subunits were manually fitted as rigid bodies
into the projection map of the Vo c-rings. The resulting
subunit conformation is compact, with the four helices
packed in a parallelogram arrangement. Because the
Vo c-ring in this study is a projection of two stacked c-
rings (Figure 1B), two of the fitted c-rings were placed
in a head-to-head arrangement, in which the cytoplas-
mic loops form the interface between the two c-rings.
This head-to-head organization is consistent with anti-
body labeling and proteolytic cleavage of the N terminusFigure 5. Analysis of the Class Averages with
the Most Regular Ring Structure
(A) Subclassification of the 640 images in
class average 1 (each subclass average con-
tains about 60 images).
(B) Class average 1 is shown for comparison.
(C) Subclassification of the 619 images in
class average 2 (each subclass average con-
tains about 60 images).
(D) Class average 2 is shown for comparison.
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1153Figure 6. Structural Analysis of the Vo c-Ring
Projection Map
(A) Class average 1 band-pass filtered
between 15 and 8 A˚ in order to sharpen the
image.
(B) Sharpened class average 1 with 6-fold
symmetry applied.
(C) A total of 24 Fo c subunits, equivalent to 2
rings of 6 Vo c subunits, docked into the con-
toured projection map of the Vo c-ring; there
is a 17º rotation between the upper and lower
rings.
(D) Contoured projection image calculated
from the fitted model in (C).
(E) Contour plot of the experimental map in
(C) for comparison with the model projection
in (D).from the N. norvegicus c subunit (Finbow et al., 1992).
Two models for the double-layered structure were gen-
erated. In the first, the subunits in the two c-rings were
in-register, and in the second, the subunits were out-
of-register, with a 17º rotation between subunits in the
upper and lower rings. Both of these models were fitted
into the Vo c-ring projection map, and their correspond-
ing projection maps were calculated. The out-of-register
model clearly gave a better match to the observed den-
sity (Figure 6C). The model and experimental densities
are compared in Figures 6D and 6E, respectively. How-
ever, the in-register model fit better into class average
2, which suggests that the interface between the two
stacked c-rings is variable and would also contribute
to the flexibility of the c-rings (data not shown).
This subunit arrangement in the model leaves large
gaps between the subunits in one c-ring, which is high-
lighted by the center-to-center distance of 13 A˚ between
the closest pore-lining helix of two adjacent subunits
(Figure 7A). However, this gap must be bridged to main-
tain the integrity of the ring. One possibility is that this
gap is bridged by lipid, which is consistent with the extra
mass for the c subunits seen by mass spectrometry
(data not shown). This mass increase was equivalent
to one or two lipid molecules per subunit, which would
have to be tightly associated to remain bound during
ionization. Another possibility is that the interaction
between the hydrophilic loops of the c subunits in the
two stacked rings holds the subcomplexes together.
The large gap between the subunits explains why the
rings are so flexible.
A further possibility for the Vo c-ring is that the con-
tacts are made by tilted helices in the inner face of the
c-ring. This has been shown to be the case in the ex-
tracted c subunit ring from chloroplast F ATPase, which
is funnel shaped rather than cylindrical (Seelert et al.,
2000). The size difference between the top and bottom
faces of this c subunit oligomer suggests that the c sub-
units do not run perpendicular to the membrane; there-
fore, the subunits must be composed of tilted helices.
In contrast, the structure of the S. cerevisiae Fo c-ring
shows the helices of the individual subunits to be almost
perpendicular to the membrane (Stock et al., 1999).Our model of the Vo c subunit is similar to the confor-
mation of two equivalent Fo c subunits, but with a 10º
clockwise rotation of one of the Fo c subunits, followed
by a radial expansion of both Fo c subunits away from
the center of the pore. This subunit conformation is
very similar to the recent crystal structure of the c-ring
(NtpK) from the Na+-translocating V ATPase of E. hirae
(Murata et al., 2005). However, the gap between the sub-
units in the N. norvegicus ring results in a much larger
central pore, which is different from the previously pre-
dicted models for the Vo c-ring based on the Fo c-ring
and the gap junction (Finbow et al., 1992; Powell et al.,
2000) (Figure 7).
Figure 7. Comparison of the Vo c-Rings, Fo, and Gap Junction
(A–C) Comparison of the (A) Vo c-ring model with a model of the Fo
c-ring containing the same number of helices as the (B) Vo c-ring and
the (C) theoretical model of the gap junction transmembrane helices
([Fleishman et al., 2004]; pdb accession code 1TXH).
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The alignment and classification of single Vo c subunits
by single-particle methods yielded much better projec-
tion maps than were obtained with crystallographic
methods. Single-particle processing of the Vo c-ring
has shown that the crystal disorder was a combination
of translational and rotational displacements between
the individual Vo c-rings and conformational flexibility
within the rings (Figures 3D and 4C).
One feature that was present in all of the projection
maps was some extra density in the center of the N. nor-
vegicus Vo c-ring. The crystal structure of the related Vo
c-ring from E. hirae (NtpK) has a lipid bilayer in the center
of the ring (Murata et al., 2005). Density in the central
pore has also been seen in the related Fo c subunit olig-
omer (Stock et al., 1999; Meier et al., 2001), where it has
been shown to consist of lipid. It has been proposed
that the lipid core maintains the integrity of the mem-
brane in vivo by blocking the central pore (Meier et al.,
2001). A central lipid core in the Vo c-ring would be con-
sistent with the extremely hydrophobic nature of the
c subunits. However, the central pore of the bovine Vo
c-ring from clathrin-coated vesicles was shown to be
plugged by an accessory protein, ac45 (Supek et al.,
1994; Wilkens et al., 1999; Wilkens and Forgac, 2001).
The precise composition of the central density in the
N. norvegicus c-ring is still unknown.
Analysis of the projection maps of the rings resolved
some of the Vo c subunit features, including the separa-
tion between the inner and outer faces of the Vo c sub-
unit, and shows that the outer face of each subunit con-
tains two separate density peaks. The maps and models
clearly show that the arrangement of the subunits is
different from those of the Fo c-ring, the E. hirae c-ring
(NtpK), and the gap junction. The modeledN. norvegicus
Vo c subunit conformation is closely related to the con-
formation of the two equivalent Fo c subunits and to
the E. hirae c subunit (NtpK). However, the E. hirae c
subunit has kinks in the center of transmembrane heli-
ces 2 and 4. The kink in transmembrane helix 2 is caused
by the presence of a proline residue at position 62 that
is replaced by an alanine in the N. norvegicus c subunit,
suggesting that transmembrane helix 2 in N. norvegicus
would not be kinked. The large gap between the sub-
units explains why the ring is so flexible and may be
related to the head-to-head arrangement of the paired
Vo c-rings.
Although the bidomain ATPases are restricted to
having only three catalytic sites in their soluble domains,
the stoichiometry of ion-translocating subunits in the
membrane domain appears to vary between organisms.
Membrane domains of the F ATPase from the thermo-
philic Bacillus PS3, E. coli, and S. cerevisiae mitochon-
dria contain 10 copies of subunit c (Mitome et al.,
2004; Stock et al., 1999; Jiang et al., 2001), whereas
the chloroplast enzyme contains 14 copies of subunit
c (Seelert et al., 2000). In the archaea, the membrane
domain of the A-type ATPase may contain anywhere be-
tween 6 and 13 proton translocation units (Muller, 2004;
Bernal and Stock, 2004), and the Na+-translocating
V ATPase from E. hirae contains a total of ten 16 kDa c
subunits (Murata et al., 2005). Therefore, it seems clear
that in V-, F-, and A-type ATPases there can be a distinctmismatch between the symmetries of the soluble and
membrane domains (Stock et al., 1999; Seelert et al.,
2000; Meier et al., 2003; Mitome et al., 2004; Murata
et al., 2005). Mechanistically, the consequence of this
mismatch is that individual ATP-synthesizing/hydrolyz-
ing steps cannot be coupled directly to discrete integer
numbers of ion translocation events; this absence of
direct coupling is reflected as noninteger values for
H+/ATP stoichiometries. On the other hand, a symme-
try-matched F ATPase has recently been reported in a
cyanobacterium (Pogoryelov et al., 2005). Therefore,
the rotational mechanism that appears to be common
to all bidomain ATPases can operate with either symme-
try match or mismatch between the two domains. The
two domains could operate essentially as independent
motors, coupled only by a highly efficient elastic power
transmission system. This power transmission has been
postulated to involve a spring function for the central
rotor subunit, perhaps in conjunction with flexing of
the peripheral stator subunits (Oster and Wang, 2000;
Junge et al., 2001; Mitome et al., 2004). Removing the
requirement for direct coupling between ATP turnover
and ion translocation introduces a degree of functional
flexibility, allowing the basic bidomain ATPase structure
to be adapted in order to most efficiently exploit the
specific physiological conditions in which the enzyme
must operate. The presumption therefore is that in the
case of the N. norvegicus V ATPase, the maximum num-
ber of protons that can be translocated at the expense
of the free energy from three ATPs is six, but the appar-
ent integer number stoichiometry has no mechanistic
significance.
The role of the Vo c-ring in membrane fusion is not
understood. It is known that the Vo a subunit, which
forms the proton channel with the c-ring, is crucial for
fusion in S. cerevisiae vacuoles and Drosophila neurons
(Bayer et al., 2003; Hiesinger et al., 2005). The a subunit
is suggested to act as a secondary tether, after the
trans-SNARE complex is formed, locking the two op-
posing membranes together (Hiesinger et al., 2005).
However, the form of the c-ring observed in this study
suggests that the interaction between the two stacked
rings is related to the expansion within the rings, since
all previously determined c-ring structures show a single
ring with tight intersubunit interfaces. This expanded
double-ring state may represent the trans-Vo complex
suggested to mediate membrane fusion (Peters et al.,
2001).
Experimental Procedures
Preparation of Vo Membrane Junctions and Data Collection
2D crystals containing the Vo c-ring from N. norvegicus were ex-
tracted with Triton X-100 and N-lauroyl sarcosine to remove protein
contaminants and excess lipid, as previously published (Finbow
et al., 1984, 1992). The protein concentration, estimated from the
absorbance at 280 nm, was 4 mg/ml. The buffer contained 10 mM
Tris, 1 mM EDTA (pH 7.5). The sample was vitrified with liquid nitro-
gen-cooled liquid ethane in a custom-made plunging device.
Images were collected at a magnification of 50,0003 on a Tecnai
F20 TEM (FEI, Eindhoven, The Netherlands) at 200 kV with an elec-
tron dose of 10–20 e/A˚2 and an objective aperture of 40 mm and
were recorded on Kodak electron image film SO-163 (Sigma, UK).
The films were digitized with a Zeiss SCAI scanning microdensi-
tometer (Zeiss, UK) at 7 mm per pixel, equivalent to 1.4 A˚ per pixel at
the specimen level.
Vacuolar ATPase c-Ring Structure
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Initially, the crystals were processed with MRC 2D crystal software
(Crowther et al., 1996), but they were too disordered to generate in-
formative 2D projection maps. The following processing steps used
the Imagic software package (van Heel et al., 1996), unless otherwise
indicated. The crystal images were band-pass filtered between 120
A˚ and 3 A˚, and were corrected for the contrast transfer function by
phase flipping. The positions of all of the unit cells in a single Vo c-
ring crystal, as determined by the MRC program QUADSERCH,
were used to extract all of the unit cells within the crystal. The ex-
tracted unit cells were then averaged, and the average was centered
so that one c-ring was in the center of the image and was surrounded
by six others. This extracted region provided an initial reference im-
age for extraction of centered c-rings. For each crystal, the reference
image was rotated to match the in-plane orientation of the lattice,
and the unit cells were extracted at the positions of the correlation
peaks obtained. Images of these unit cells were then classified using
MSA. The central c-ring was masked to exclude the surrounding
c-rings by using a soft-edged circular mask. References for align-
ment of the individual rings were generated by filtering with loosely
masked crystal diffraction spots to include information on local
structural variations (MRC software). Eight representative views
were selected from the partially filtered crystal image and were
used as references to align the isolated rings with SPIDER (Frank
et al., 1996). These aligned images were then classified into 20 clas-
ses and averaged. From the class averages, representative views of
the Vo c-ring were selected as references for the next round of align-
ment. Two of the reference class averages with the most regular
structures were 6-fold symmetrized. After alignment, the aligned
images were classified into 100 classes and averaged, and repre-
sentative class averages were selected, with the most ordered aver-
ages being symmetrized. After classification and averaging, the four
classes representing the two most ordered ring structures were
extracted. The aligned images in both of the final 2 classes were sep-
arated and classified into 10 subclasses, each using 24 eigenim-
ages. After several iterations of alignment and classification, the final
averaged images were filtered to suppress low-frequency compo-
nents (Fourier terms below 15 A˚ were reduced in amplitude by
99%, and terms above 8 A˚ were zeroed) and were then symmetrized.
The subunit arrangement of the Vo c-ring was modeled by manual
rigid body fitting of 12 Fo c subunits (PDB accession code 1Q01;
[Stock et al., 1999]) into the 6-fold symmetrized map by using O
and Pymol ([Jones et al., 1991]; www.pymol.org). In Stock et al.
(1999), the NMR structure of the E. coli c subunit (PDB accession
code 1A91; [Girvin et al., 1998]) was docked into the S. cerevisiae
density map as a rigid body. Therefore, the E. coli sequence was
used for the Fo c subunit here.
Supplemental Data
Supplemental Data include a figure showing the selection of aligned
images from the two final class averages and a figure showing the
Fourier ring correlation for class average 1 and are available at
http://www.structure.org/cgi/content/full/14/7/1149/DC1/.
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